Introduction
Nuclear lamins are filamentous proteins providing structural support and transcriptional regulation of the cell nucleus. A-type lamins form a molecular scaffold under the inner nuclear membrane and are structurally connected with the cytoplasm by binding integral proteins of the nuclear envelope that act as 'linkers of the nucleoskeleton and cytoskeleton' (LINC). The importance of nuclear lamins is illustrated by genetic defects in the lamin A/C gene (LMNA) that lead to inherited cardiac and skeletal myopathies 1 such as dilated cardiomyopathy, limb-girdle muscular dystrophy, and Emery-Dreifuss muscular dystrophy. The localization of phenotypes to mechanically active tissues has suggested that LMNA mutations could render mechanically active muscle cells more susceptible to biomechanical stress. 2 Here, we report the biomechanical cellular effects of three human cardiomyopathy LMNA mutations. The clinical phenotypes associated with these LMNA cardiomyopathy mutations include global myocardial dysfunction, heart failure, arrhythmia, and sudden cardiac death. However, little is known about the structure-function relationships of individual mutations at the cellular and protein levels. Nuclear lamins are intermediate filaments based on a structure consisting of the short unstructured N-terminal head domain, a long a-helical central rod domain followed by another largely unstructured C-terminal domain with a single immunoglobulin-like (Ig) domain. 3 The central rod domain (a-helical) is distributed into four regions designated as coils 1 A, 1B, 2 A, and 2B. [4] [5] [6] All three mutations considered in this study are located in the central a-helical rod domain at the distal end of coil 1B. This highly conserved region of the lamin A/C protein is critical for the formation of the a-helical coiled-coil dimer, the basic building block for the construction of lamin filaments. Mutations in this section likely prejudice the dimerization and formation of higher order filaments of lamin. It has been shown 7 that although at the dimer level coil 1B and 2B showed similar elastic behavior, the 1B is more robust, it has higher elastic modulus and therefore higher load bearing capacity. Based on the aforementioned reasons and being the 1B domain the largest domain it is considered as a hot spot for lamin mutations. In fact, almost 40% of these mutations cluster in the rod domain of which nearly 76% are concentrated in 1B and 2B. 8 To understand these structure-function relationships we investigated the well-described mutations Glu161Lys (E161K, rs28933093), Asp192Gly (D192G, rs57045855), and Asn195Lys (N195K, rs28933091). The biomechanical effect of these mutations and the possibility of a correlation of mechanical defects with the severity of the cardiomyopathy phenotype have never been investigated. To address this gap, we quantitatively characterized the biomechanical phenotype of these LMNA mutations using atomic force microscopy (AFM). Specifically, we used the AFM force-deformation test, also called singlecell force spectroscopy (SCFS), to assess the nuclear Young modulus, the cytoskeletal viscoelastic properties and the work of adhesion. Adhesion in this case is defined as the process of detachment of the cell membrane from the AFM tip.
Additionally, we modeled the stiffness and strength of the native and mutant lamin A/C homodimeric forms by steered molecular dynamics (SMD), a computational technique in which external forces are applied to manipulate biomolecules to probe their mechanical functions, as well as to accelerate processes that are otherwise too slow to model. 9 Among the several computational methods available, molecular dynamics (MD) is one of the most powerful. Indeed, since their pioneering applications in the late 1970 s, in silico protocols based on MD simulations have been extensively applied to investigate fundamental issues in protein dynamics (for recent reviews on the subject, see [10] [11] [12] [13] [14] [15] [16] ). The interactions between LINC components and integrins (cytoplasmic transmembrane receptors), desmin (intermediate filaments protein), and b-catenin (key protein of the Wnt pathway involved in cell adhesion) underline the complex mechanisms regulating the mechano-sensing and mechano-transduction processes. Recent data show that cytokine cascades induced by p38 MAPK pathway activation are implicated in several cardiovascular diseases. 17 In addition, p38 MAPK may be involved in many aspects of cardiac pathology, independent of the well-described inflammatory cytokine and chemokine pathway interactions, including gene regulation, interstitial remodeling, and endothelial dysfunction. 18, 19 Indeed, p38 inhibition decreases cardiomyocyte apoptosis and improves cardiac function after myocardial ischemia and reperfusion 20 and reduces hypertrophy and left ventricular dysfunction in cardiomyopathic hamsters. 21 Conversely, p38 activation produces negative inotropic and restrictive diastolic effects thus confirming a role of this pathway in the development of both ventricular diastolic and systolic remodeling. 22 Importantly, hyperactivation of p38a has been detected in heart tissue in humans with dilated cardiomyopathy (DCM) caused by LMNA mutation 23 as well as in two well-known mouse models of LMNA-related
DCM.
Due to the pivotal role of p38 MAPK pathway in many cardiac diseases and especially in dilated cardiomyopathy induced by LMNA alterations, ARRY-371797, a drug known to inhibit this pathway with nanomolar potency and good selectivity was used in the current study and the cells' biomechanical parameters evaluated for recovery from the biomechanical defects induced by each LMNA mutation. 
Isolation adenoviral constructs and infection
Shuttle constructs were generated in Dual CCM plasmid DNA containing GFP gene and human LMNA cDNA, driven by two different CMV promoters to identify cells expressing LMNA protein using GFP as a marker of cellular infection. Constructs contained either human wild-type or the human mutant LMNA genes. neonatal rat ventricular myocytes (NRVMs) were infected by adenoviruses at 25 multiplicity of infection (MOI) in serum free medium; 6-h post-infection, complete medium was replaced to cardiomyocytes. More details in Supplementary material online.
Immunofluorescence
NRVMs were fixed in PBS containing 4% PFA for 20 min and permeabilized with 1%Triton X-100 for 30 min. 
ARRY-371797 administration
Following 24 hours of cardiomyocytes isolation, ARRY-371797 was administrated to the cell culture. Cells were treated in triplicate with fresh complete medium supplemented with ARRY-371797 in a final concentration of 0.1 and 1 lM in DMSO diluted incubated at 37 C for 3 hours, and then used for AFM experiments or fixed for immunofluorescence analysis.
Molecular modeling
All steered molecular dynamics (SMD) simulations and the relevant analysis were carried out using NAMD (v. 2.10) and the CHARMM22 force field 7 on our own CPU/GPU calculation cluster (see Supplementary material online for full computational details).
AFM-single cell force spectroscopy
An AFM Solver Pro-M (NT-MDT, Moscow, Russia) was used to acquire morphology as well as force-displacement curves. Sample preparation, and measurements are detailed in Supplementary material online.
Modeling cells elasticity
The Young's modulus (elasticity) is often used to describe mechanical properties of cells. The prevalent method of evaluating AFM indentation data to assess the elasticity is the so-called 'Hertz-Sneddon model' of contact between two elastic bodies. Model and equation used are detailed in Supplementary material online.
Plasticity index
To characterize the relative elastic-plastic behavior of the cell during the AFM loading/unloading we used the plasticity index f parameter. Model and equation used are detailed in Supplementary material online.
Statistics
Experimental AFM data were analysed using GraphPad Prism software. All data were first subjected to Shapiro normality test and then ordinary oneway ANOVA with Holm-Sidak's multiple comparisons test for normal distributions or the Kruskal-Wallis test with a Dunn's multiple comparisons test otherwise, both with a two-tailed P value, were employed. Data in the text are reported as mean (normal distribution) or median (non-normal distribution) values ± SE. More details see Supplementary material online.
Results and discussion
The LMNA mutations were selected because they represented a recurrent mutation (E161K [24] [25] [26] ), a mutation associated with visible disruption of nuclear envelope morphology (D192G 27 ), and one of the originally reported LMNA cardiomyopathy mutations (N195K 28 ). The E161K mutation was also present in three families from our Familial Cardiomyopathy Registry population (unpublished; see Supplementary material online, Figure S1 ). Combining our cases with those in the literature yielded clinical data on 16 individuals who carry the E161K mutation with an average age of symptom onset for dilated cardiomyopathy and death/cardiac transplantation of 40.8 (±15.3) and 40.0 (±8.7) years, respectively. None of the patients had signs of skeletal muscle involvement, and the overall prognosis appeared relatively mild with 12.5% of patients dying or requiring transplant by age 40 years. In contrast, the D192G mutation has been described in one family with a severe phenotype where symptom onset and death/transplantation occurred at 30.5 (±6.4) and 32.0 (±7.1) years, respectively: both patients died before the age of 40 years. 29 The initial report, along with follow-up studies noted severe ultrastructural disruption of nuclear envelope architecture, 30, 31 findings that could suggest perturbed nuclear or cellular biomechanics. The N195K mutation was reported in the initial seminal paper by Fatkin et al. 32 and then again by van Tintelen et al. in 2007, 33 providing data on 17 affected patients with a high frequency of arrhythmias and sudden death (58.8% death or transplant by age 40 years) and symptom onset and death/transplantation occurring at 26.0 (±8.9) and 37.2 (±7.5) years, respectively. Although the small number of observations of these rare mutations must be taken into consideration, clinical data suggest that LMNA D192G and N195K have a more severe outcome compared with E161K (Fisher's exact test, P = 0.0027 for the events of death or heart transplant before age 40 years).
Immunofluorescence
Microscopy analysis showed that D192G and N195K mutant cardiomyocytes frequently exhibited nuclear malformations, less frequently also E161K showed some malformations. Typical examples of alterations, specifically elongated, blebs, or misshapen nuclei, are indicated in Figure 1 , right panel. The nuclear circularity of control and mutant NRVMs was quantified by image analysis. The mean circularity was significantly lower for mutant cells compared with NT and WT cardiomyocytes ( Figure 1, left panels) . Furthermore, the nuclei of these cells showed aggregates of different sizes and distributions, in agreement with prior reports. [34] [35] [36] [37] Aggregates were rare in the wild-type (WT) cells (<10% of nuclei contained them) and the aggregates area was 14.8% ± 2.7. The percentage of aggregates was highest in the case of both D192G (>95% of nuclei with an area of 29.6% ± 8.7), and N195K (>95% with an area of 25.9% ± 4.48) and progressively lower in E161K (<50% with an area of 16.1% ± 3.4). Furthermore, the nuclei with the highest density of aggregates also showed a disorganized cytoskeleton actin network (Figures 2 and 3A and see Supplementary material online, Figure S2 ). The differences in actin network are also highlighted by the fluorescence relative intensity showed in Figure 3B . Figure 4A shows the deformation of WT and mutant LMNA dimer structures described by stress-strain curves at the pulling speed of 1 m/s. In line with previous findings on other intermediate filament dimeric proteins, 38 our simulations identify three distinct regions of deformations in the corresponding plots. The first region of these plots, also seen in actual measurements, 39 corresponds to an elastic regime (regime I), in which the stress increases linearly with the applied strain. A plateau region during which the stress remains approximately constant with increasing deformation (regime II) follows. This part of the stress-strain curve corresponds to the unfolding of the protein a-helical domains, and it begins at the so-called angular point, that is the value of strain at which a significant change in the curve derivative is observed. Of note, the very slight increase of the stress in regime II, particularly towards the end of this region, can be ascribed to the fact that, as more and more turns in the a-helices become unfolded, higher forces are required to produce more protein unfolding since the failure probability decreases with decreasing number of remaining helical turns. 40 Finally, in the last part of the curve, (regime III) the stress steadily increases due to the pulling of the unfolded backbone of the protein, the stretching of covalent bonds ultimately leading to substantial increase in stiffness. Other similar experimental and simulated mechanical behaviors (in terms of stress-strain curves and unfolding force levels) have been reported in literature for other coiled-coil intermediate filament protein dimers, 41 consistent with the present results. A comparison of the curves in panel A of Figure 4 reveals that no meaningful differences in either the stress-strain data or the unfolding dynamics between LMNA WT and E161K can be observed. This is also confirmed by the magnification of the small deformation regime ( Figure 4B ), supporting the notion that the behavior of these two protein forms is almost superimposable in the low deformation range, which is the closest to the one experienced by the intermediate filaments in vivo. In contrast, LMNA N195K and, to a greater extent, LMNA D192G dimers exhibit a different behavior with respect to the WT. In particular, the stress-strain profile of the D192G mutant appears to enter regime II somewhat earlier with respect to the native LMNA WT and the force and hence stress value characterizing this regime is lower than those estimated for all other proteins analysed. This qualitative observation is confirmed by the data in Table 1 . These data are referred as regime I, where all protein dimers are deformed homogeneously before the unfolding process sets in.
Molecular modeling
As seen in Table 1 , unfolding for all proteins is predicted in a narrow range of strain values, slightly decreasing in the order D192G (13%), WT (14%), E161K (15%), and N195K (16%). However, the corresponding stress values at the angular points are significantly different, and range and 540 MPa (depending on different pulling rate, 300 MPa being obtained at the same pulling rate adopted in the present study 41 ). An analysis of simulated conformation structures generates a potential model for the protein deformation mechanism. Figure 4C shows different predicted conformations for dimeric LMNA protein under a steered molecular dynamics simulation stretching pathway.
In the initial stage of the simulation, where the applied deformations are small, the entire dimeric protein structure first aligns along the pulling direction and then the a-helical coiled-coil domains stretch slightly to counteract deformation and to accommodate the corresponding elongation. In agreement with data reported in Table 1 , no molecular rupture or protein unfolding is seen up to the corresponding yield strain (regime I, Figure 4A) , after which the a-helical segment begins to unwind and formation of b-sheet domains is observed (regime II). This phenomenon, experimentally verified 39, 43, 44 and known as a-b transition, corresponds to the plateau region in Figure 4A . As the strain is further increased (>100%), the secondary super-helical configuration is lost and additional pulling results in the stretching of the protein covalent bonds. This eventually translates into the rapid increase of the relevant stress-strain curve (regime III, Figure 4A ).
Single-cell force spectroscopy
To study the effect of LMNA mutations on cardiomyocytes in vitro, we used our established model of NRVMs infected with an adenoviral construct carrying either the WT or the mutant E161K, D192G, or N195K LMNA cDNA as well as the Enhanced Green Fluorescent Protein (EGFP) used to identify LMNA expressing cells. 45, 46 At day 1 after infection, the Young's modulus obtained from the AFM-SCFS tests, an indicator of nuclear elasticity, did not change under different conditions, in agreement with our previous work. 45, 46 In contrast, at day 2 after infection, the results for the three mutant cell subsets were statistically different from uninfected, 'non-treated' NRVM (NT) and WT cells. Data shown in Figure 5A are those obtained after 2 days from the adenoviral infection and indicate that, while NT and WT elasticity remained similar, the Young's modulus in cells expressing mutant LMNA diverged significantly from both NT (1.47 ± 0.009 kPa) and WT (1.44 ± 0.008 kPa). More precisely, D192G displayed the highest Young Modulus (3.03 ± 0.27 kPa) followed by N195K (2.55 ± 0.13 kPa) and E161K (2.14 ± 0.10 kPa). A comparison among the three mutations shows that the N195K is 16% and the E161K is 30% less stiff than the D192G, respectively. SCFS curves contain additional information about the biomechanical response of a cell towards external mechanical stimuli. Specifically, the three mutations exhibit evident effects on the work of adhesion required to detach the spherical tip of the AFM cantilever from the cell membrane after indentation. As shown in Figure 5B , adhesion work was lower for all mutations compared to NT and WT. As for the elasticity, similar to the effects on adhesion, LMNA D192G NRVMS are the most affected with a reduction of 45% of adhesion compared to the NT (3.29 ± 0.28 fJ vs. 1.81 ± 0.16 fJ). This confirms that these deleterious effects extend Mutant LMNA cardiomyocytes: biomechanics and rescue At the same time, cells expressing any of the three mutations are more viscous compared to NT cells, being able to store less elastic energy in their cytoskeleton components if subjected to a rapid mechanical stress as shown by the plasticity index data ( Figure 5C) . Again, LMNA D192G shows the most obvious effects (0.46 ± 0.01 vs. 0.36 ± 0.1 for NT). These results could be associated with a lower resistance to deformation due to a non-optimal transmission of mechanical stresses from the membrane to the nucleus due to a defective actin structure. 45 
Pharmacologic rescue of NRVM biomechanical properties
Understanding the disease mechanisms and the possibility of rescue is critical for the development of novel therapies. Currently, there are no specific therapies for laminopathies, and treatment guidelines for laminrelated DCM follow general recommendations for treatment of HF and prevention of SCD. Advanced strategies to develop novel treatments include repurposed molecularly directed drugs, which at present are probably the most realistic approach. In animal models of LMNA-associated DCM, activation of the mTOR pathway has been reported, and, inhibition of mTOR by temsirolimus or rapamycin is able to rescue the DCM phenotype. 47, 48 The mitogen activated protein kinase (MAPK) pathway signaling which, is activated by stress, in particular oxidative stress, and is involved in cell senescence, is increased in LMNA-associated DCM. There is increasing evidence for a pivotal role of p38 MAPK, in particular, in a variety of disease including cardiovascular dysfunction. 19, 21 Recently, activation of the p38 MAPK pathway has been linked to aberrant cardiovascular function in patients with dilated cardiomyopathy (DCM) due to lamin A/C (LMNA) gene mutations. 49 Recently (Array Biopharma, Boulder, CO), an oral, selective p38 MAPK inhibitor in 12 patients with LMNA-associated DCM (ClinicalTrials.gov NCT02057341), and this compound has been selected for our investigations.
To explore if the altered biomechanical properties of NRVMs carrying the three LMNA mutations could be recovered, mutant and control cells were subjected to a treatment with ARRY-371797.
Two concentrations were used, 0.1 and 1.0 mM, which as shown in Supplementary material online, Figure S3 , do not change the Young Modulus of the NT cells, and represent concentrations that are achievable in vivo. Figure 6A -C are the Young modulus, the adhesion work and the plasticity index calculated after the rescue experiment, respectively.
The rescued cells showed values similar to those of NT and WT; even at the lower concentration evaluated ( Figure 6 ). p38 MAPK has been hypothesized to interact with the actin cytoskeleton via the MAPKactivated kinase-2. Both actin and p38 MAPK have been suggested to play a role in the regulation of cell growth, differentiation and apoptosis in cardiomyocytes. 50 Lastly, disruption of actin-filament integrity has been shown to play a role in the initiation of cardiomyocyte apoptosis. 51 Thus, loss of functional actin may lead to decreased contractility, and also cell death by apoptosis, and ultimately disruption of the kinetics of the entire myocardium. 52 In order to verify if alterations of the actin cytoskeleton were induced by the LMNA mutations, and subsequently reversed by ARRY-371797 treatment, additional immunocytochemistry experiments were performed to assess actin distribution. Confocal microscopy images showed that in control NRVMs and NRVMs expressing WT LMNA, actin microfilaments appeared to be highly organized and homogeneously distributed ( Figure 7A ). On the contrary, mutants NRVMs were characterized by attenuation and clear disarray of the actin microfilaments ( Figure 7A) . Furthermore, a quantitative measurement of actin fluorescence relative intensity showed a significant reduction of this cytoskeletal component in all mutant cells compared to NT and WT ( Figure 7B ). However, an almost complete recovery of this cytoskeleton component was documented after treatment with ARRY-371797 (P = n.s. compared to CT and WT) ( Figure 7B) . It is well known that different diseases caused by LMNA mutations can have very different effects on cellular and nuclear mechanics. Several, but Table 1 ). (C) Simulated conformational structures of the LMNA dimer structure under tensile loading (pulling rate 1 m/s). Upon increasing strain (from top to bottom: 0%, 25%, 50%, 75%, 100%, and 125%), the a-helical content (red) of LMNA progressively decreases while b-sheet domains (cyan) are formed. The insert in Figure 4B shows the method applied to LMNA WT as an example.
. not all, mutations causing muscular dystrophy and dilated cardiomyopathy reportedly show an increased nuclear deformability, 53 while the Hutchinson-Gilford progeria D50 LMNA mutation results in increased nuclear stiffness. 54, 55 Generally, cell mechanical behavior can be broken down into two main components: (i) the nucleus and (ii) the cytoskeleton. However, response of the nucleus is due to: (i) the elastic lamina, which has an elastic modulus much higher than the cell membrane 56 and
(ii) the viscoelastic chromatin. [57] [58] [59] When mechanical stresses are applied to the cell, nuclei undergo a rapid, elastic, deformation with a subsequent viscoelastic contribution on a time-scale of seconds. 60 The molecular modeling experiment that we have carried out cannot take into consideration all these cell components, however the results of both molecular modeling and AFM-SCFS show a similar trend in the changes of biomechanical properties of the three LMNA mutations. This is remarkable considering that the data calculated using molecular modeling are obtained only from the LMNA dimers, while the AFM data reflect the complexity of the cell structure including the contribution of nuclear wall, chromatin, and cytoskeleton structures. In this regard, it is worth mentioning that a small fraction of lamin proteins (10% of Atype lamins) also locates within the nuclear interior, where lamins intermingle with nuclear binding partners. 61, 62 It is possible that nucleoplasmic lamins also contribute to the overall stiffness, possibly by forming a framework or by influencing global chromatin structure. Furthermore, all three mutations showed different amounts of aggregates, previously identified as heterochromatin, 28, 63 randomly distributed within nuclear matrix forming dense clumps. Although we cannot rule out that the aggregate formation may in part be due to the exogenous LMNA expression, our data, in line with a series of other investigations, show that abnormal nuclear morphology and aggregates are the result a LMNA mutations specific effect. 27, 45, 64, 65 Remarkably, the alteration of the nuclear shape is generally associated with senescence that is characterized by changes in chromatin structure and subsequent formation of heterochromatic foci. In fact, the most severe premature ageing syndromes, such as Hutchinson Gilford's syndrome or atypical Werner's syndrome, are associated with alterations of the nuclear shape resulting from the deregulation of lamin A/C. Interestingly, silencing of p38 MAPK in human fibroblasts characterized by ataxia telangiectasia also led to a reduction in the frequency of cells with alterations in nuclear shape and concomitantly to a reduction in the frequency of senescent cells. 66 Furthermore, in mice with LMNA mutations, there is a loss of functional lamin proteins leading to p38 MAPK pathway activation with subsequent structural changes in cardiac tissue.
In these mouse models, treatment with MAPK inhibitors improves abnormal nuclear shape and sarcomere structure. 23, 67 In our investigations using MD and AFM methods, the D192G mutation produced the most detrimental changes in NRVMs. On the other hand, the E161K mutation, consistently displayed the mildest biomechanical changes, Lastly, biomechanical characteristics associated with the N195K mutation were always intermediate between the other two mutations yet more similar to the D192G mutation. For the E161K mutation, it was shown 7 that the1B dimer unfolds at similar force range compared to the wild type and therefore this mutant dimer has elastic properties comparable to those of the wild type. However, both the stress applied on the nucleus through the AFM or the orientation of the dimer due to the fibrous nature of lamina network in cells could not be correlated directly with mechanical unzipping experiments using singlemolecule force spectroscopy nevertheless, both our data (MD and AFM) confirm that E161K mutation does not have a significant impact on its mechanical properties. In this regard, it is important to highlight that in the D192G mutation, glycine, a nonpolar hydrophobic amino acid, substitutes an aspartic acid, a negatively charged polar and hydrophilic amino acid. This substitution is disfavored and has a significant impact on the LMNA protein biomechanical properties. The N195K mutation has an asparagine, a polar amino acid, substituted by a lysine, a positively charged polar amino acid. This substitution is chemically less disfavored. Finally, the E161K mutation has a glutamate, a polar negatively charged amino acid, substituted by a lysine which is positively charged. Lysine is frequently involved in salt-bridges, where it couples with a negatively charged amino acid to create stabilizing hydrogen bonds and this could affect LMNA protein stability.
Study limitations
It should be noted that data generated in NRVMs, although a wellestablished in vitro cardiomyocyte model, may not fully translate in the biomechanical behavior of adult cardiomyocytes embedded in the muscle tissue.
Conclusions
In our study, MM and AFM-SCFS have been employed to advance our understanding of the mechanisms underlying nuclear LMNA functions, as well as the effects of LMNA mutations. AFM findings support the molecular modeling results, suggesting that all three mutations generate distinctive structural changes. Interestingly, even though molecular modeling considered only the deformation of single dimers and AFM examined the whole cell, both sets of data rank the effects of the three mutations consistently, predicting that LMNA D192G will be the most damaging, followed by N195K and E161K. Remarkably, biomechanical findings are in agreement with clinical findings and even though, genotype-phenotype correlation was evaluated in an extremely limited population, data suggest that the most severe outcome is associated with the D192G variant, while the mildest with the E161K. Finally, we showed that ARRY-371797, a p38 MAPK pathway inhibitor, was able to rescue the biomechanical properties for all three LMNA mutant 
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